To improve current knowledge of the molecular mechanisms underlying exercise-induced cardioprotection in a rat model of mild exercise training, Sprague-Dawley rats were trained to run on a treadmill up to 55% of their maximal oxygen uptake for 1 h/day, 3 days/week, 14 weeks, with age-matched sedentary controls (n = 20/group). Rats were sacriWced 48 h after the last training session. Despite lack of cardiac hypertrophy, training decreased blood hemoglobin (7.94 § 0.21 mM vs. 8.78 § 0.23 mM, mean § SE, P = 0.01) and increased both plasma malondialdehyde (0.139 § 0.005 mM vs. 0.085 § 0.009 mM, P = 0.05) and the activity of Mn-superoxide dismutase (11.6 § 0.6 vs. 16.5 § 1.6 mU/ g, P = 0.01), whereas total superoxide dismutase activity was unaVected. When subjected to 30-min ischemia followed by 90-min reperfusion, hearts from trained rats (n = 5) displayed reduced infarct size as compared to controls (37.26 § 0.92% vs. 49.09 § 2.11% of risk area, P = 0.04). The biochemical analyses in the myocardium, which included gene expression proWles, realtime PCR, Western blot and determination of enzymatic activity, showed training-induced upregulation of the following mRNAs and/or proteins: growtharrest and DNA-damage induced 153 (GADD153/ CHOP), heme-oxygenase-1 (HO-1), cyclooxygenase-2 (Cox-2), heat-shock protein 70/72 (HSP70/72), whereas heat-shock protein 60 (HSP60) and glucoseregulated protein 75 (GRP75) were decreased. As a whole, these data indicate that mild exercise training activates a second window of myocardial protection against ischemia/reperfusion by upregulating a number of protective genes, thereby warranting further investigation in man.
Introduction
The cardioprotective eVects of exercise training are well known and out of any dispute. Recent studies have clearly shown that training at >60% VO 2max increases myocardial tolerance to ischemia-reperfusion (I-R) (Strøm et al. 2005) , improves cardiac performance and ameliorates the cell defence capacity against stress (Powers et al. 2002; Freimann et al. 2005) . Most probably, the mechanisms underlying training-induced cardioprotection resemble those elicited by ischemic preconditioning (IP), e.g., the phenomenon whereby short ischemic episodes given before a major ischemic insult lead to into endogenous cardioprotection (Yellon and Downey 2003) . Training may induce IP by emulating minor local ischemic episodes, where ischemia is intended as short periods of time during which the supply of blood and oxygen to tissues is limited with respect to the tissue needs (Hearse 1994) . It is acknowledged that cardioprotection can be exerted in two temporal windows, of which the Wrst is active in the minutes-hours period after the conditioning stress, whereas the second, the so-called "second window of protection" (SWOP), is active 1-3 days later (Bolli 2000) . As exercise training is generally intended to have long-lasting eVects, it is likely that training-induced cardioprotection is more speciWc for the SWOP than for the Wrst window of protection.
In the perspective of emphasizing the potentially protective eVect of training by enlarging the number of the subjects that may beneWt, it is critical to assess whether mild training intensity is still capable to induce IP as high training intensity does. Other studies have addressed this issue in the past. Bronikowski et al. (2003) reported a quantitative gene expression analysis in mice exposed to active life style over 16 generations. Schweizer et al. (2005) measured the changes in gene expression in rats exercising each-other-day with a running wheel. Other studies showed that low-intensity (55-60% of VO 2max ) exercise training may not allow a suYcient cardioprotection (Starnes et al. 2005) . Thus, the purpose of this study is to focus into the eVects of a mild training protocol, frequently applied in sedentary middle-age humans, whereby cardiac hypertrophy is prevented. The use of an animal model to apply this protocol was dictated mainly by the necessity to examine early changes in the expression of genes and proteins in the myocardial tissue in addition to phenotypical alterations such as the establishment of cardioprotection. Indeed, early molecular changes may precede the onset of overt cardioprotection, thereby providing an eVective way to determine the occurrence of protective eVects. To this aim, we trained rats following a mild protocol (55% of VO 2max ) and determined both the parameters of cardioprotection and those relative to the alteration of gene and protein expression. We will show that mild training is capable to exert cardioprotection both at phenotypical and gene/protein levels, thereby supporting to the idea that even mild training may be useful in certain categories of human subjects.
Materials and methods

Glossary
The following abbreviations have been used: COX-2, cyclooxygenase-2; Dnaja1, DnaJ-homolog a1 protein; GADD153, Growth arrest and DNA-damage-inducible protein 153; GRP75, glucose-regulated protein 75; HO-1, heme-oxygenase-1; HPLC, high-performance liquid chromatography; HSP60 or HSP70/72, heat shock protein 60 or 70/72; IkBa, inhibitor of nuclear factor Ba; IP, ischemic preconditioning; I-R, ischemia-reperfusion; MDA, malondialdehyde; PBS, phosphate-buVered saline; PCR, polymerase chain reaction; Por, NADPH-cytochrome p450 oxidoreductase;RPL13a, ribosomal protein L13a; Scya21b, small cytokin a21b; SOD, superoxide dismutase; SWOP, second window of protection; VO 2max , maximal oxygen uptake; WB, western blot.
Animals and training
Forty male albino Sprague-Dawley rats (2 months age) were placed in individual cages and fed standard diet without limitations; room temperature was kept at 21 § 2°C; 12 h of light were automatically alternated to 12 h of dark. After 1 week of acclimatization, 20 animals were randomly chosen to run on a four lanes treadmill at increasing speed and time of exercise ( Fig. 1) . At the end of the program, the rats exercised for 1 h a day, three times a week at 0% grade, which corresponds to 55% of VO 2max (WisloV et al. 2001) . Control animals were placed on a non-moving treadmill during the training sessions. Animal handling, training protocol and mode of sacriWce were approved by the Ethical Committee on the Use of Laboratory Animals of the Health Authority of Milan (Italy) according to the 86/609/CEE guidelines.
At the end of the program, animals were sacriWced 48 h after the last training session. In order to avoid diurnal variations in gene expression, all sacriWces were carried out between 10 and 12 a.m. The sacriWce of control rats was alternated with that of trained ones in a one-by-one fashion. Rats were assigned randomly to one of the following groups: (1) gene and protein expression; (2) myocardial morphology and blood analysis; and (3) ischemia-reperfusion.
Group 1-Gene and protein expression
Rats were anesthetized (100 mg/kg ip heparinized sodium thiopental), then animals were cut open and hearts removed, immediately frozen in liquid nitrogen and stored at ¡80°C for biochemical analyses. These included the assay of Mn-SOD activity determined by the WST-1 method (Zhou and Prognon 2006) and the TUNEL assay. For this assay, left ventricle cryosections (4 m thickness) were stained by Terminal dUTP Nick-End Labelling (TUNEL assay) to detect apoptotic cells. The sections were Wxed 45 min at 4°C in 4% paraformaldehyde, washed in PBS and stained by the APO-BrdU TUNEL assay kit (Invitrogen s.r.l, Milan, Italy) as indicated.
For RNA preparation and quality control, frozen tissue from left ventricles was reduced to powder by means of a sterilized ceramic mortar and pestle. RNA isolation was obtained by TRIZOL™ (Invitrogen s.r.l., Milan, Italy) (Chomczynski and Sacchi 1987) . The presence of RNA degradation was assessed by evaluation of 28S and 18S band sharpness after denaturing electrophoresis. Since no degradation was found, all preparations were used for the further steps. The absence of contaminating genomic DNA was conWrmed by PCR analysis with tubulin promoter-speciWc primers.
For the analysis of the array, to control for interindividual variation, an equivalent mass of total RNA from each subject in the group was pooled to generate the total RNA sample for probe generation. Reverse transcription was performed making use of Omniscript Reverse Transcription Kit (Qiagen GmbH, Hilden, Germany). The Stress and Toxicity-focused Arrays (GEArray Q Series™, SuperArray) were employed. Data were then normalized with respect to the housekeeping gene RPL13a, one of the positive controls in the array.
Real-time PCR was performed in an ABI PRISM 5700 real-time thermal cycler using the SYBR Green kit (Qiagen). The housekeeping gene RPL13a was used for normalization purposes: real-time PCR was initially run with RPL13a primers in order to evaluate the concentration ratio of the pooled cDNAs of the two groups to be compared (control or trained rat hearts), then the concentration of the cDNA pools was adjusted to the same amount of RPL13a cDNA and analyzed with the 2 ¡ C T method (Livak and Schmittgen 2001) .
For Semiquantitative Western blot (WB) analysis, cryosections from left ventricle tissue were homogenized in Laemmli electrophoresis sample buVer. Protein concentration was determined using bovine serum albumin as standard, and all procedures were carried out as previously described (Vitadello et al. 2003) .
Group 2-Myocardial morphology and blood analysis
Rats were anesthesized and sacriWced as described above. After thoracotomy, a sample of blood was withdrawn by cardiac puncture into a heparinized syringe. Blood was centrifuged and the plasma was stored at ¡80°C for biochemical evaluations, which included blood hemoglobin concentration (standard cyan-methemoglobin method) and plasma malondialdehyde (MDA) concentration, which was determined by HPLC according to Kawai et al. (1989) .
To assess myocardial morphology, hearts were excised, excess water was absorbed on tissue paper, and the heart mass was weighed. Then atria, left and right ventricles were accurately cutoV, trimmed of connective tissue and water, and weighted separately.
Group 3-Ischemia-reperfusion
Rats were anesthetized by intra-peritoneal injection of sodium pentobarbital (50 mg/kg). Body temperature was kept constant at 37°C by use of a heating platform controlled by a thermostat. Animals were intubated through a tracheotomy and ventilated mechanically (tidal volume 3 ml; ventilation rate 50 strokes/min). A left thoracotomy was performed between the 3rd and 4th rib to allow access to the heart. A silk suture (6/0) was passed around the left coronary artery and a small polyethylene catheter was used to form a snare. All Fig. 1 Training workload (distance travelled per week) and running speed achieved weekly by trained rats rats were allowed 10 min after completion of the surgical preparation to reach steady state before beginning the protocol. The left coronary artery branch was occluded by pulling the snare and the occluded position was maintained for 30 min by means of a hemostatic clamp. Hearts were reperfused for 90 min by releasing the snare, then they were removed, cannulated via the aorta and perfused with 15-20 ml saline at room temperature to wash out the blood. The left coronary branch was re-occluded and a saturated Evans blue solution (2 ml) was injected through the aorta and upstream the occlusion to mark the ischemic zone as the area without the dye. Hearts were then frozen brieXy in liquid nitrogen and stored at ¡20°C.
To measure the infarcted area, hearts were cut into Wve or six transverse slices (1 mm thick). Slices were incubated in triphenyltetrazolium chloride in sodium phosphate buVer at 37°C for 20 min to stain viable cells in the risk zone. Finally, the slices were immersed in 10% formalin for 4 days to enhance contrast between stained and unstained areas, with the latter representing the infarct size. Stained and unstained areas were calculated from computerized images of the slices using NIH Image software (NIH AutoExtractor 1.51; National Institutes of Health) and averaged for all the slices. The risk area was expressed as a percentage of total ventricle area, i.e., the sum unstained plus redstained area with respect to total ventricle area, whereas the infarct area was expressed as a percentage of the risk area, i.e., unstained area with respect to risk area.
Statistics
Data are expressed as mean § SE. To detect signiWcant diVerences between the control and the trained group, we performed the two-tailed Student's t test for unpaired observations (GraphPad Prism Software). The signiWcance level was set to P = 0.05.
Further details of the following methods are supplied in the ESM File 1: evaluation of myocardial SOD activity, array analysis, Real-Time PCR, Western blots analysis, evaluation of blood hemoglobin and plasma MDA concentration.
Results
Animals, myocardial morphology and blood data
The rats were periodically examined by a veterinary. Their internal organs, examined by a pathologist on the day of sacriWce, appeared to be normal and diseasefree. Two control and three trained rats died for causes unrelated to training.
Myocardial morphology, blood and plasma parameters were examined in six control and Wve trained rats. At the end of the training, rats were leaner than controls (Table 1) , but the heart-to-body weight ratio was the same, thereby excluding cardiac hypertrophy. Blood hemoglobin concentration was less, and plasma MDA higher in trained animals than in controls. The activity of Mn-SOD was upregulated in trained rats (Fig. 2) , while total SOD activity was the same in the two groups. To assess apoptosis, staining with the Terminal dUTP Nick-End Labeling kit (TUNEL assay) did not detect apoptotic cells neither in control nor trained rats (data not shown).
Ischemia-reperfusion
The number of rats investigated was four control and Wve trained. The bottom panel of Fig. 3 shows sample images of infarcted (white), risk (red) and perfused (blue) areas in control and trained rat hearts. Same risk area in the two groups (Fig. 3, left panel) enables to consider the infarcted area as a reliable marker of myocardial susceptibility to I-R. The infarcted area was less in trained animals compared to controls (Fig. 3 , right panel, P = 0.04).
Gene expression proWles
The number of rats investigated was eight control and seven trained. For 14 genes (Fig. 4) , the level of expression was diVerent in the two groups. The change is uncertain for Dnaja1/Hsj2 and Scya21b, because of their low expression levels. Upregulated genes included those related to apoptosis (Annexin V, IkBa/ Mad3), proliferation (cyclin D1), growth arrest (GADD153/CHOP, p21
Waf-1 , Mdm2), oxidative stress [Glutathione peroxidase-2 (GPX2), heme-oxygenase-1 (HO-1), cyclooxygenase-2 (COX-2), NADPH-cyto- The results of the array were validated by Real-time PCR analysis for GADD153/CHOP, Cox-2, HO-1, Hsp60 and GRP75/PBP74 ( Table 2 ). The upregulation of HO-1 and COX-2 and the downregulation of GRP75/PBP74 and Hsp60 were conWrmed. Table 2 reports also the trained-to-control ratio relative to the expression level of two proteins that were examined by Western blot. The protein level of HO-1 displayed a twofold increase, in agreement with the mRNA expression level, whereas Hsp70 increased t tenfold, whilst no diVerence was found in gene expression. Representative blots are shown in Fig. 5 . (4) and trained (5) rats; the area (as percent of total area) was evaluated by injecting Evans Blue, as described in Materials and Methods. Top, right panel Infarcted area: comparison between hearts of control (4) and trained (5) rats; the area is a percent of area at risk and was evaluated as described in Materials and Methods. Bottom Representative sections of myocardia of a control (left) or an exercised (right) rat after coronary ligation, as detailed in the text. Blue, perfused area; white, ischemic area; red + white, area at risk Fig. 4 Genes up-or down-regulated by mild training. Results of three arrays, each corresponding to independent ampliWcation/ hybridization experiments, were averaged. Values are expressed in arbitrary units, after background subtraction and normalization by a housekeeping gene (RPL13a). To each array a pool of equivalent amounts of RNA from hearts of control (n = 8) or trained (n = 7) rats was hybridized; the array contained 96 genes whose expression change is indicative for stress and toxicity. The expression of the 14 genes here reported signiWcantly diVered between the two groups (P < 0.05 by two-tailed Student's t test)
Discussion
In this study, we show that mild training, which resembles the procedure advised for middle-aged humans, can protect hearts against I-R similarly to well-documented, more intense (>60% VO 2max ) training procedures (Powers et al. 2002; Strøm et al. 2005; Freimann et al. 2005) . Indeed, the size of the infarcted area with respect to the risk area, which is not aVected by training, decreases by 12% following mild training. The selected protocol (14-week training with sacriWce 48 h after the last training session) is compatible with the delayed phase of protection or SWOP (Lennon et al. 2004; Stein et al. 2004) . As the underlying mechanisms should reXect alterations in gene expression proWles, the goal of the following discussion is aimed at understanding the gene mechanisms potentially involved in training-induced cardioprotection.
Because the selected training procedure did not cause cardiac hypertrophy, it is likely that it should be considered "mild". Nevertheless, the hemoglobin concentration was reduced in trained rats as observed in endurance athletes due to slight red cell hemolysis (Schumacher et al. 2002) . The higher plasma MDA in trained rats marks training-induced oxidative stress. Beyond supporting this conjecture, increased Mn-SOD activity at constant CuZn-SOD indicates that mitochondria are the preferred site of formation of training-induced oxidative stress. Although increased Mn-SOD activity was reported in relation to highintensity (»75% VO 2max ) (Lennon et al. 2004; Moran et al. 2004) , to our knowledge this is the Wrst observation showing such an increase following mild training. Remarkably, despite higher Mn-SOD activity in the myocardium of trained vs. control animals, the relative mRNA levels did not diVer in the two groups.
The observed phenotype is accompanied by upregulation of genes, proteins and activities related to the antioxidant response as assessed by array analysis (GPX-2, Por, Cox-2, HO-1), RT-PCR (Cox-2 and HO-1), protein level (HO-1) and enzyme activity (Mn-SOD). Some of these changes have been reported in the case of ischemic preconditioning for Cox2 and Por (Shinmura et al. 2002) as well as for HO-1 (Yet et al. 2001) , and in the case of mild training for GPX2 (Chicco et al. 2006) .
Mild training did not aVect apoptosis, whereas the expression of Annexin V and IkBa/Mad3 was upregulated in trained rats. This further supports the notion that mild training has few phenotypical eVects, yet has marked eVects on gene/protein expression. In support of this hypothesis, we detected increased expression of growth arrest genes in trained animals, e.g., the cyclindependent kinase inhibitor-1a/p21 waf1 , GADD153/ CHOP/DDIT3 and Mdm2.
Increase in mRNA expression of Scya21b, an inXammatory cytokine, is here reported. It is possible that a mild inXammatory response might lead to an enhancement of the defence capacities of the trained animal (Shek and Shephard 1998) .
Whereas hsp70 protein was markedly increased in trained animals, Hsp70 mRNA was not upregulated. The relatively short half-life of Hsp70 mRNA (Theodorakis Table 2 Relative (trained versus control ratio) gene expression and protein amount in rat heart expressed as trained versus control ratio Gene expression was normalized to the housekeeping gene RPL13a, protein amount, evaluated by Western blot, to a-actinin. Repeated independent evaluations were averaged; statistical signiWcance calculation by two-tailed Student t test gave the P values reported between parenthesis ND Not done, NS not signiWcant (P > 0.05) Lennon et al. 2004; Moran et al. 2004) , the underlying mechanism is not well understood (Melling et al. 2004 ). The well known relevance of heat shock proteins in the prevention of cardiovascular diseases (Ji 2002 ) may involve inhibition of apoptosis (Siu et al. 2004 ) and regulation of Ca2+ homeostasis (Liu et al. 2006 ), but it is likely that the protection conferred by Hsp70 may not be suYcient to explain increased ischemia tolerance (Ronchi et al. 2004 ) and may require additional activities, as for example those provided by HO-1 and Cox-2. The observed downregulation of other genes of the heat shock pathway, including Hsj2, Hsp60 and GRP75/PBP74, may be interpreted in terms of increased mitochondrial stress, but further studies are needed to address this issue. It is believed that exercise-related peaks in oxygen consumption may increase the production of reactive oxygen species (ROS) and eventually the oxidative stress (Ji 2002) . The latter might also stem from ischemia-reperfusion events that may occur in the correspondence of oxygen uptake peaks during the training sessions. In the speciWc case of mild exercise training that was examined in this study, the lack of evident signs of apoptosis, inXammation, mitochondrial and reticulum stress indicates that mild training does not necessarily cause appreciable stress nor physical strain. Furthermore, the employed model did not reveal any appreciable change in cardiac hypertrophy or whole animal homeostasis. Nevertheless, mild training could enhance myocardial defenses and resistance to I/R by upregulating a number of cardioprotective and antioxidant genes and proteins. By suggesting remarkable similarities between training and ischemic preconditioning, these observations warrant further studies aimed at prescribing mild training as an eYcient way to prevent cardiovascular disease in man.
